A high-speed vacuum ultraviolet (VUV) imaging telescope system has been developed to measure the edge plasma emission (including the pedestal region) in the Experimental Advanced Superconducting Tokamak (EAST). The key optics of the high-speed VUV imaging system consists of three parts: an inverse Schwarzschild-type telescope, a micro-channel plate (MCP) and a visible imaging high-speed camera. The VUV imaging system has been operated routinely in the 2016 EAST experiment campaign. The dynamics of the two-dimensional (2D) images of magnetohydrodynamic (MHD) instabilities, such as edge localized modes (ELMs), tearing-like modes and disruptions, have been observed using this system. The related VUV images are presented in this paper, and it indicates the VUV imaging system is a potential tool which can be applied successfully in various plasma conditions.
Introduction
In the present fusion research, a magnetically confined tokamak device is one of the most promising candidates for a future commercial fusion reactor. How to realize the stable operation of tokamaks is one of the frontier and hot issues in magnetic confinement fusion research. From earlier experimental studies, it is clear that tokamaks are subjected to identifiable magnetohydrodynamic (MHD) instabilities. MHD instabilities inside fusion plasmas are rather complicated, which have the possibility to strongly limit the operational regime of the plasma parameters such as beta, which is defined by the ratio of plasma pressure to magnetic pressure, P B 2 ,
pressure gradient and so on. MHD instabilities which trigger edge localized modes (ELMs) are well understood within the scope of the linear MHD theory [1, 2] . However, in the nonlinear phase, for instance, the dynamical evolution of ELM events in the pedestal region are very complicated and are not satisfactorily understood so far. The evolution of the two-dimensional (2D) mode structures might be key to understanding the dynamics of the instabilities [3] . Imaging diagnostics is one of the most common and important diagnostics for MHD studies. Several imaging systems have been developed on the EAST tokomak and have been proven to be useful in MHD studies, such as soft x-ray (SX) radiation [4] , electron cyclotron emission imaging (ECEI) systems [5] and fast visible imaging systems [6] . However, profile measurements of the SX radiation mainly focus on the core plasma, and the scope of the application of the ECEI system is highly dependent on the operating parameters of the plasma, and visible imaging systems generally cover the scraped-off layer (SOL) and the bottom of the pedestal with a narrow viewing field. In order to monitor the pedestal plasma, a new diagnostic system, VUV imaging diagnostics, which selectively measures the emission with a wavelength of 13.5 nm is being developed on EAST [7] . Considering that the typical electron temperature of the pedestal area is around 300 eV in EAST [8] , strong line emission of CVI (n=4−2) carbon impurities from the pedestal region can be expected.
A tangentially viewing VUV imaging system was developed in the Large Helical Device (LHD) in 2008 [9] , and it was upgraded in 2010 [10] . The 2D structure of the m/n=1/1 (m is the poloidal mode number and n is the toroidal mode number) interchange mode in LHD plasma has been obtained using this system. However, there is no intrinsic tangential port on EAST because of the thick coil cooling structure. At present, the VUV telescope system views the plasma horizontally from the low field side on EAST. In this paper, images captured in discharges with tearing-like modes, ELMs and disruptions are reported. This paper is organized as follows: section 2 introduces the optical design of the VUV imaging system. VUV images captured with tearing-like modes, ELMs and disruptions are shown in section 3. Section 4 is a brief summary.
Experimental setup
The high-speed VUV imaging system consists of three parts: a telescope, a micro-channel plate (MCP) and a visible imaging high-speed camera. The telescope system is composed of two multilayer mirrors: a convex mirror and a concave mirror (as shown in figure 1 ). The curvatures are 81.18 mm and 219.69 mm, respectively. The image magnification factor is 1/60. The object-image distance is 4000 mm. Consequently, a larger solid angle can be realized with this design. The mirrors are made of layers of molybdenum (Mo) and silicon (Si). The reflectivity for the emission at a wavelength of 13.5 nm (half band width is ∼0.7 nm) is up to ∼65%. A zirconium (Zr) film is inserted to exclude low-energy VUV light. Only photons at wavelengths of around 13.5 nm are thereby collected [9] . During the experiments, strong line emission of CVI (n=4-2) carbon impurities in the pedestal region can be selectively detected using VUV imaging diagnostics. The VUV light is later transformed into visible light through a two-stage micro-channel plate (MCP). The MCP works as a VUV photon detector, which can realize both high spatial and temporal resolutions. Then images are formed at the P47 phosphor plate with visible light, and finally, captured by a Vision Research Phantom v2011 type CMOS camera and transferred through optical fibers after discharges. Generally, images are recorded with 256×256 pixels in the experiment. The camera system is controlled by a Windows 7 (32 bit) based PC located in the experimental hall. The whole system is installed on the horizontal D-port of the EAST device, viewing the plasma perpendicularly from the low field side. More details about the system are presented in reference [7] .
Experimental results
In this section, VUV images captured in different plasma conditions, i.e. tearing-like mode, ELMs and disruptions are shown. Figure 2 shows the time history of the typical plasma parameters of a discharge with tearing-like mode. In this shot, the plasma is maintained by neutral beam injection (NBI) during 3-6 s with a plasma current of I p =400 kA. The line-averaged electron density is n e =3×10 13 cm
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, and the toroidal field is B t =2.4 T, with an upper single null (USN) magnetic configuration. As the NBI heating power is injected, the stored energy and normalized beta increase at the beginning of NBI pulse, and then they start to degrade gradually. Meanwhile, large amplitude oscillations are observed in both the Mirnov signals and the VUV imaging data during the NBI pulse.
In this discharge, the VUV imaging system was operated with a framing rate of 5×10 3 fps and the image size is 256×256 pixels. Figures 3(a) and (b) are the power spectra obtained by FFT analysis of the Mirnov signal and the VUV imaging data, respectively. A mode with a frequency around 2.3 kHz exists from ∼3-7 s in both spectra. Analyzing the Mirnov signal further, the mode number (m, n) of m/n=2/1 is obtained. Owing to the low electron temperature in this discharge, the fluctuations of the CVI emission caused by m= 2/n=1 mode which is predicted to exist in the interior region of a plasma can be detected by the VUV imaging system.
In order to obtain the 2D mode structure, further analysis of the VUV images is required. The extraction of the fluctuating components from the video data is an important issue for fusion devices [11] . The method of singular value decomposition (SVD) is used to extract the useful information from the raw images [12, 13] . After the SVD analysis, topos (U ), chronos (V ) and their corresponding eigenvalues (W ) can be obtained, simultaneously. Generally, the first several components with larger eigenvalues can reconstruct the main images. Figure 4 shows the first two fluctuation components of the VUV imaging data obtained from 4.10-4.14 s. V1 and V2 are chronos and U1 and U2 are topos, respectively. Since the VUV imaging system can just view the plasma with its major optical axis parallel to the major radius at present, 2D structures cannot be derived directly from the imaging data. Synthetic images are made to estimate the mode structure by comparing the synthetic images and experimental data. Synthetic images are made by following the method mentioned in references [10, 14] . In general, the observed VUV light contributed by CVI line emission I VUV can be expressed as 
where L n and L n_C 5+ are the radial scale length of electron and C 5+ ion density profiles, respectively. In a certain electron temperature range, d ex ex su su á ñ á ñ / can be neglected. Therefore, the radial plasma displacement can be estimated from the VUV measurement. In this work, the radial plasma displacement ξ r is assumed to be a function of averaged minor radius ρ, ξ r = A f exp , w 0 2 r r ŕ rr r -( ) ( ) where, A 0 , ρ r , and w are the amplitude, the peak location and the radial width of the mode, respectively. In this case, ξ r is assumed to be an odd function (tearing-type), f(ρ)=1 (ρρ r ), f(ρ)=−1 (ρρ r ). The best agreement with the experimental image is achieved by setting w=0.15, ρ r =0.5 (figures 4(A1) and 4(A2)). It is worth pointing out that the plasma displacement assuming an odd function (tearing-type) fits the experimental better than an even function (kink-type), indicating that the observed mode has a tearing-like structure.
Observation of ELMs
ELMs are often observed in the peripheral region in H-mode discharges. The underlying mechanism of ELMs is still an open issue. ELMs present a serious problem for tokamaks, especially for fusion reactors, such as ITER, since they transiently trigger quite huge heat flux towards the plasma facing components (PFCs) which may cause serious damage. 2D imaging diagnostics are powerful tools for the experimental study of the ELM dynamics [15, 16] . Figure 5 shows a typical waveform of an ELMy H-mode plasma in EAST. Both the lower hybrid wave (LHW) and electron cyclotron resonance heating (ECRH) are used, and their heating powers are 2.5 MW and 0.4 MW, respectively. The other typical plasma parameters are as follows: plasma current I p =450 kA, line-averaged electron density n e = 1.9× 10 13 cm −3 , toroidal field B t =2.5 T, with an upper single null (USN) plasma configuration. The H-mode phase is ended due to an unexpected impurity event at about 4.8 s. The VUV imaging system is operated with a framing rate of 2×10 3 fps and an image size of 256×256 pixels. Large amplitude fluctuations are detected by the VUV imaging system, which is similar to Dα emission (656.1 nm). Figure 6(a) is an expansion of the Dα signal for one ELM period, and figures 6(b)-(d) are raw images captured by the VUV imaging system at different time slices: t 1 =4.6970 s, t 2 =4.6975 s, t 3 =4.6995 s. The yellow broken and blue cycles on the images denote the effective image area and the edge of the MCP surface, respectively. The effective image area is determined by the inner diameter of the tube. It is obvious that the images become brighter as the Dα signal gets to the peak, which is much different from the images before and after the crash, demonstrating the VUV imaging system is sensitive to the edge plasma behaviors.
Observation of disruption
All the tokamak experiments have the possibility to exhibit major disruptions which can terminate the plasma current and release a large amount of thermal and magnetic energy to the periphery in a very short time scale that would damage the device for the worse. Detailed experimental studies of the major disruptions have been done on many devices [17, 18] . The major disruptions are also studied on the EAST tokamak based on the newly developed VUV imaging system. Figure 7 shows a typical discharge with major disruption on EAST and it ends at t=3.68 s. The plasma current, plasma stored energy, electron density, Mirnov signal, total neutrons and runaway electrons are shown in figures 7(a)-(f), respectively. The VUV imaging system is operated at a framing rate of 5×10 3 fps and an image size of 256×256 pixels. Figures 8(a)-(c) are the enlarged view of the current trace, neutrons and runaway electrons from 3.62-3.70 s. The plasma current rapidly decays to zero during this phase. In this discharge, disruption gives rise to lots of runaway electrons and neutrons with high energy. Therefore, additional secondary electrons are produced in the MCP due to the impaction of these runway electrons and neutrons. Figures 8(d) -(f) are raw images captured by the VUV imaging system at different time slices: t 1 =3.6320 s, t 2 =3.6400 s and t 3 =3.6420 s. When disruption occurs, it is almost saturated over the entire MCP surface (even outside the effective area, i.e. the ring area defined by the red broken and blue solid cycles). This results from the high energy runway electrons and neutrons produced during the disruption.
Summary and future plan
A high-speed VUV imaging diagnostic system is being developed on EAST. During the 2016 experiment campaign, a lot of experiment data have been obtained in the commissioning. In this paper, VUV images captured in different MHD phenomena are reported. It demonstrates that the VUV imaging system can be used in various plasma conditions, and is especially good for edge plasma related studies. However, since the system was operated with relatively low sampling rates in these discharges during the commissioning, a simulation code, such as BOUT++, is planned to be used in the future for further interpretation of the VUV images observed in ELMy and disruption discharges. On the other hand, the imaging system can only view the plasma in the perpendicular direction at present. In order to study the 2D mode structure, a tangential view to the plasma is better. Therefore, an upgrade to the optics is scheduled to realize a tangential view by installing one folding mirror inside the vacuum vessel.
